This study investigates the EGR effect under the condition of boost pressure on homogeneous charge compression ignition (HCCI) combustion engine using numerical methods. The calculation is carried out using a single-zone model included in CHEMIKN-PRO. The detailed chemical-kinetic mechanisms and thermodynamic parameters for n-heptane, iso-octane and PRF (Primary Reference Fuel) from Lawrence Livermore National Laboratory (LLNL) are used for this study. The results show that the EGR affects the heat release, the amount of heat release decrease. Hence IMEP decrease with EGR ratio increase. The EGR addition under the condition of boost pressure enhanced the autoignition reactivity, the amount of heat release increased.
[1] Introduction
In homogeneous charge compression ignition (HCCI) engine, the homogeneous mixture into the cylinder is autoignited due to the high in-cylinder temperature during compression process. Therefore, combustion process in HCCI engine is dictated by chemical kinetics. Difference of combustion process between HCCI and SI or DI engine potentialize the operation under the lean condition, HCCI engine offers high efficiency and low nitrogen-oxide and particulate emissions [17] [18] . However, several technical problems need to be resolved before HCCI engine can be widely used in commercially. The major issues are difficult to control the autoignition and limited operation range during high-load range because of knocking caused by high pressure rise rate. It is very hard to control the autoignition process while maintaining acceptable pressure rise rate and heat-release rate because of HCCI combustion process dictated by chemical kinetics [1] [19] . To expand the operation range, EGR and boost pressure widely used in HCCI autoignition [2] [15] [20] . EGR addition increases the H 2 O and CO 2 mole concentration of intake charges, heat capacity of intake charges increased. This effects lead to a significant reduction of gas temperature. Also, EGR addition reduces the O 2 mole concentration of intake charges and this effect extend the combustion duration and slow down the HRR. Also heat-release rate decrease. Hence the EGR addition is widely used for controlling HCCI autoignition. However EGR addition has a trend to reduce the total compression work [3] . Several studies found that boost pressure enhance the autoignition reactivity especially enhanced low temperature reactivity by increase the amount of O 2 . Therefore, combustion duration is advanced and it lead to increase pressure rise rate, finally, knocking is occurred. However, when used in combination with EGR and boost pressure, these disadvantages can be compensated [4] .
In this study, we carried out a numerical investigate about the effect of EGR and combined EGR and boost pressure on HCCI engine using chemical-kinetics analysis. To conduct chemical-kinetics analysis, "Absolute heat release rate" was used. The important reaction of each phase was selected by the total absolute heat release rate which over the 5% of total heat release rate. The fuels considered are n-heptane, iso-octane, PRF25, PRF50 and PRF75.
[2] A numerical modeling methods
Engine modeling
The numerical investigation was carried out using the single-zone model of CHEMKIN [5] [6] included in CHEMKIN-PRO [7] . The single-zone model treats a single lumped mass with uniform composition and thermodynamic properties [8] . The heat transfer and blow by effects were not modeled. Nevertheless, this model is a useful for investigating certain fundamental aspects of HCCI combustion. Compression/expansion was modeled according to the standard slider-crank relationship [9] . Simulation was carried out IVC (Intake Valve Close) to EVO (Exhaust Valve Open) during 122°CA. Engine specification is shown in Table 1 . In experiments, pressure, temperature and cylinder volume histories were acquired as in Fig. 1 
Chemical-kinetics modeling
In this study detailed chemical-kinetic mechanisms and thermodynamic parameters for n-heptane (species: 654, reactions: 2827) [10] iso-octane (species: 874, reactions: 3796) [11] [21] and PRF (Primary Reference Fuel)(species: 1032, reactions: 4236) [12] from Lawrence Livermore National Laboratory were used. PRF is a mixture of nheptane and iso-octane. The mixing ratio was decided by the volume percent of each fuel. PRF mechanism contains the same iso-octane mechanism combined with the most recent LLNL n-heptane mechanism. In this study nheptane, iso-octane and PRF50 was used for fuels and properties of these fuels are shown in Table 2 . 
EGR modeling
The air was modeled using N 2 , O 2 and Ar with molecular ratio of 72/21:1:1/21. CO 2 have been lumped as atmospheric N2 [8] . Fuel and O 2 was supplied enough to occur the complete combustion. As a result of complete combustion, complete stoichiometric products (CSP), namely CO 2 , H 2 O, N 2 were generated. Therefore, the simulated EGR consist of a mixture of air with the three main components of CSP [15] . EGR ratio was defined as Eq. (1).
(1)
The amount of supplied fuel significantly influences on a power and efficiency of engines. Therefore, to exclude the amount of fuel, the amount of supplied fuel kept constant. The amount of fuel was determined same amount at equivalence ratio 0.5 of only used air. Equivalence ratio increased with EGR ratio increased due to the constant amount of fuel of in-cylinder charge. Fig. 2 shows the mole fraction of in-cylinder charge and equivalence ratio with EGR ratio. 
Dominant reactions of each combustion phase
In this study, the dominant reactions were defined divided by LTHR, NTC and HTHR. The dominant reactions of LTHR was defined "Fuel Series Reactions" which defined as those containing hydrocarbons and their oxides with the same carbon number as the original fuel. This reaction was represented by primary O 2 addition reaction and secondary O 2 addition [13] [14] . In case of n-heptane, the primary O 2 addition reaction represented by Reaction (#2187) and the secondary O 2 addition reaction represented by Reaction (#2307). The dominant reactions of HTHR were defined by "H 2 -O 2 system reactions" which are the reactions of species containing only O and H. These reactions were as below:
Also the reaction "CO+OH CO 2 +H (#24)" dominantly affect HTHR [13] [14] .
Fixed CA50 for control the combustion phasing
The cooling effect caused by a high specific heat ratio of EGR retarded combustion phasing. The change in combustion phasing can significantly affect thermal efficiency. In this study, the crank angle of the 50% burn point (CA50) was used to monitor the combustion phasing [16] . This study fixed CA50 at 5°CAaTDC in order to exclude the effect of combustion phasing and many operating parameters to keep constant. For the fixed CA50 at 5°CAaTDC, initial temperature was adjusted. EGR retard combustion phasing, initial temperature increased with EGR ratio increased. The increased initial temperature affects the amount of the mixture charge, hence the amount of the mixture decreased. To compensate this effect, initial pressure was adjusted. Fig. 3 shows how the fixed CA50 affect the combustion phasing. Fig. 3 . Effect of constant CA50 for n-heptane.
[3] Results

The effect of EGR at natural aspirated operation
To confirm the effect of EGR under the condition of the natural aspirated, initial pressure set the 1 bar. Fig. 4 shows the effect of EGR and boost pressure on cylinder temperature and HRR for n-heptane. EGR addition reduced the O 2 mole concentration and increased the specific heat ratio in in-cylinder charge. This effect reduced the amount of heat release rate and maximum pressure. Iso-octane is single-stage ignition fuel, hence iso-octane only has HTHR. Fig. 6 shows the effect of EGR and boost pressure on cylinder temperature and HRR for iso-octane. EGR addition reduced the HRR and maximum temperature. Fig. 7 shows the absolute heat-release rates for dominant reactions in autoignition for iso-octane. isooctane is a single-stage ignition fuel. Hence the fuel series reactions which represented by primary O 2 addition reaction (#3457 C 8 H 17 +O 2 C 8 H 17 O 2 ) were not dominantly affect for autoignition of iso-octane. NTC (#14, #16, #27, #43) was weakened caused by EGR addition, the absolute heat-release rate decreased. HTHR (#1, #4, #24) was weakened caused by EGR addition and weak NTC. Fig. 8 shows the effect of EGR and boost pressure on cylinder temperature and HRR for PRF25, PRF50 and PRF75. The maximum temperature of PRF75 was highest and PRF25 was lowest. The heat release rate of LTHR was on the decrease for increasing ratio of iso-octane. Hence the heat release rate of LTHR of PRF25 was highest. Fig. 9 shows the absolute heat-release rate for dominant reactions in autoingition for PRF25, PRF50 and PRF75. Overall, PRF25 has similar characteristic to n-heptane. In Fig. 7 , primary O 2 addition reaction of iso-octane (#3457 C 8 H 17 O 2 C 8 H 17 +O 2 ) was not active at LTHR. However primary O 2 addition reaction of iso-octane (#3216 C 8 H 17 O 2 C 8 H 17 +O 2 ) of PRF25 has and dominantly react at LTHR. It's caused by the reaction of n-heptane at LTHR range. Primary and secondary O 2 addition reaction of n-heptane (#2744, #2810) reacted at LTHR, it's accelerated the reaction of iso-octane.
The EGR addition weakened the LTHR, NTC and HTHR (#7, #8, #10) also weakened due to the weak LTHR. In case of PRF50, primary O 2 addition of iso-octane was highly weakened due to the effect of the reduced absolute heat-release rate of n-heptane. EGR addition accelerated this effects, especially LTHR of n-heptane was highly weakened. However primary O 2 addition of iso-octane was highly enhanced. This is because iso-octane has enough time to react by reducing the n-heptane. NTC especially included in LTHR range was weakened and HTHR was weakened. PRF75 has similar characteristic of iso-octane. Hence the heat release at LTHR range was not dominantly affected in autoingition process. However the heat release rate of HTHR was higher than PRF25 and PRF50. EGR addition weakened all combustion phase. Fig. 8 . Effect of EGR and boost pressure on cylinder temperature and HRR for PRF25, PRF50 and PRF75. CA50=5CAaTDC. Fig. 9 . Absolute heat-release rates for dominant reactions in autoignition of PRF25, PRF50 and PRF75 (r=0/P0=1 bar and r=0.5/P0=1 bar).
The effect of EGR at boost pressure operation
To confirm the effect of EGR at boost pressure operation, initial pressure set the 2 bar. In Fig. 4 , Due to the boost pressure, the amount of HRR increased and maximum temperature decreased. Fig. 10 shows the absolute heatrelease rates for dominant reactions in autoignition of n-heptane. The autoignition reactivity of n-heptane was enhanced due to increased O 2 , heat release rate of each combustion phase increased. In Fig. 6 , Due to the boost pressure, the amount of HRR increased and maximum temperature decreased. Fig. 11 shows the absolute heatrelease rates for dominant reactions in autoignition of iso-octane. The autoignition reactivity of iso-octane was enhanced due to increased O 2 , heat release rate of each combustion phase increased. Fig. 12 shows the absolute heat-release rates for dominant reactions in autoignition of PRF25, PRF50 and PRF75. In case of PRF25, boost pressure enhanced the autoignition reactivity. Hence heat release rate of LTHR, NTC and HTHR increased. In case of PRF50, boost pressure enhanced the autoignition reactivity especially LTHR range. So LTHR and NTC included LTHR range highly enhanced. PRF75 also enhanced due to the boost pressure especially LTHR range. Fig. 10 . Absolute heat-release rates for dominant reactions in autoignition of n-heptane (r=0.5/P0=1 bar and r=0.5/P0=2 bar). Fig. 11 . Absolute heat-release rates for dominant reactions in autoignition of iso-octane (r=0.5/P0=1 bar and r=0.5/P0=2 bar). 
[4] Conclusion
In this study, the numerical investigation conducted to confirm the effect of EGR and combined EGR and boost pressure on HCCI engine using chemical-kinetic analysis. The cooling effect due to high specific heat capacity of EGR affect the autoignition, HRR of each phase (LTHR, NTC and HTHR) decrease. To make the condition of boost pressure, initial pressure set the 2 bar, hence the amount of in-cylinder charge increased doubled. The increased O 2 enhanced the autoignition reactivity, hence, HRR especially PRF50 and PRF75 at LTHR range were remarkably increased.
